INTRODUCTION {#sec1-1}
============

Patent ductus arteriosus (PDA) is an acyanotic congenital heart disease with a left-to-right shunt. Hemodynamically significant PDA leads to a left ventricle (LV) volume overload and remodeling. Percutaneous PDA closure has proved to be safe and effective with short- and long-term results comparable to surgical closure.\[[@ref1]--[@ref4]\] LV volume overload and compensatory remodeling alters the systolic and diastolic function of the LV as in chronic aortic and mitral regurgitation.\[[@ref5]--[@ref7]\] These changes are expected to improve after PDA closure; however, some patients develop LV systolic dysfunction. Left ventricular diastolic properties are also altered in patients with PDA and other conditions with volume overload. Reduction in the preload and gradual reverse remodeling is likely to improve the diastolic function after PDA closure.

The present study was conducted to evaluate the LV systolic and diastolic function in children before and after transcatheter closure of the PDA using two-dimensional (2D) echocardiography and tissue Doppler imaging (TDI) and to identify predictors of the post PDA closure LV systolic dysfunction.

METHODS {#sec1-2}
=======

Study population {#sec2-1}
----------------

Thirty-four consecutive children, who were planned for trans-catheter closure of PDA were enrolled in this prospective observational study. All patients had clinical and/or echocardiographic evidence of hemodynamically significant PDA. They underwent successful transcatheter PDA closure between February 2009 and May 2009. Patients with silent PDA, PDA not suitable for percutaneous closure, irreversible pulmonary vascular disease (pulmonary vascular resistance index i.e. PVRI \> 7 WU.m^2^), and those who had associated hemodynamically significant congenital heart disease or a significant residual shunt were excluded from the study. The study approval was obtained from the institutional ethics committee and written informed consent was obtained from the patients' parents in all cases.

Transthoracic 2D echocardiography and TDI was performed by a single investigator with the patient in the supine position using VIVID 7 (General Electronics) with a 4 or 7 MHz transducer on an outpatient basis at baseline, one day after the procedure and follow-up (at least 3 months after the procedure). LV systolic dysfunction was defined as a post-PDA closure absolute LVEF of \<50% and/or reduction in LVEF of ≥10% from the baseline. LV end-diastolic and systolic volumes (LVEDV and LVESV, respectively) were averaged over three cardiac cycles in the apical four-chamber view by the area length method and were indexed for the body surface area (BSA). For diastolic function analysis, the mitral inflow signal was acquired from three cardiac cycles in the apical four-chamber view. Mitral E, A, E deceleration time (EDT), E/A were assessed as per standard method. In addition mitral E time velocity integral (E TVI), A time velocity integral (A TVI) and E TVI/A TVI were also analysed. Mitral annular diastolic velocities in early diastole (E') and late diastole (A') were obtained by tissue Doppler imaging and E/E' was calculated. Anatomic attributes of the ductus were assessed for size, minimum diameter toward pulmonary end, shape, orientation of PDA as well as adequacy of the ampulla on the aortic end. The PDA size was measured in the parasternal short axis and ductal view. Left atrial and aortic dimensions were also measured simultaneously.

Cardiac catheterization {#sec2-2}
-----------------------

After obtaining informed consent, cardiac catheterisation was done for assessment of pulmonary artery pressure and shunt quantification. Only venous access was obtained during the study. PAH was defined as mean PA pressure \>25 mm Hg.\[[@ref8]\] Angiographic assessment was done after crossing the PDA and placing pigtail in descending thoracic aorta. Angiograms were performed in standard lateral view for PDA sizing. In selected cases right anterior oblique (RAO) view was also used for better visualization of PDA. After sizing, PDA was closed using ductal occluder by standard technique. Amplatzer type (Cocoon) ductal occluder device (Vascular Innovations Co. Ltd., Bankok, Thailand) was used in all subjects. After device deployment, echocardiographic assessment was done for the device position, and descending thoracic aortic and left pulmonary artery velocity. The ductal occluder device was released after excluding the significant residual shunt and obstruction in aorta and/or left pulmonary artery.

Statistical analysis {#sec2-3}
--------------------

Statistical analysis was done with the standard SPSS software (version 15, Chicago, IL, USA). Categorical data were presented as frequencies and compared using the Fisher exact test. Continuous variables were presented as mean ± SD and compared using the two-tailed Student\'s *t*-test. Correlation between two continuous variables was evaluated using linear regression and Pearson\'s correlation analysis. Multiple stepwise linear regression analysis was performed to identify the determinants of the post-closure LVEF. A *P* value of \<0.05 was considered significant.

RESULTS {#sec1-3}
=======

Thirty-four patients were included in the study. Two of these were not analysed as they had a significant residual shunt across ductus arteriosus. Thirty-two patients were followed up. The mean age of the patients was 48 ± 39 months (median 35 months, range 8--150 months). Fourteen (44%) patients were aged ≤24 months. There were 23 girls and 9 boys (female-to-male ratio 2.5). The mean follow-up duration was 139 ± 30 days.

Cardiac catheterization revealed that four (12.5%) patients had pulmonary hypertension. All subjects underwent PDA closure using the Cocoon ductal occluder device (Vascular Innovations Co. Ltd., Bankok, Thailand). The mean angiographic PDA size at the pulmonary end was 3.1 ± 1.2 mm. The median device size (at pulmonary end) used was 6 mm (mean 5.6 ± 1.5 mm).

2D echocardiography and TDI {#sec2-4}
---------------------------

None of the study subjects had baseline LV systolic dysfunction. There was a significant reduction in Left ventricle end-diastolic dimension (LVEDD), LVESD and LVEF in immediate post closure as compared to baseline values. Indexed left ventricular end-diastolic volume (LVEDVI) decreased but, the change in the indexed left ventricular end-systolic volume (LVESVI) was not significant (*P* 0.2). Eight (25%) patients had LV systolic dysfunction by predefined criteria (four patients had LVEF \< 50% and four patients had LVEF reduction of ≥10% from the pre-closure state). During follow-up, there was further reduction in LVEDD, LVEDVI as well as in LVESD and LVESVI, while LVEF improved \[[Table 1](#T1){ref-type="table"}\]. There was significant reduction in mitral E and A velocity; however, the E/A ratio did not change significantly on day 1 post-PDA closure. Mitral E TVI and E TVI/A TVI showed significant reduction while mitral A TVI did not change. Mitral E/E' also showed significant reduction from 10.7 ± 3.7 to 9.9 ± 3.3 (P 0.03). On follow-up, compared to the day 1 post-closure state, mitral A velocity and mitral A TVI reduced while there was prolongation of EDT and increase in mitral E TVI/A TVI. There was insignificant reduction in mitral E and E TVI. There was a significant increase in mitral E' velocity; however, the change in the mean mitral E/E' ratio was not significant.

###### 

Echocardiography and tissue Doppler parameters before and after PDA closure
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LV systolic dysfunction {#sec2-5}
-----------------------

Patients who developed LV systolic dysfunction (*n* = 8) had a lower LVEF (61.4 ± 1.9% versus 66.9 ± 3.4%, *P* \< 0.001), higher LVESVI (43.3 ± 10.3 ml/m^2^ versus 25.9 ± 8.7 ml/m^2^, *P* \< 0.001) and LVEDVI (107.3 ± 24.9 ml/m^2^ versus 89 ± 23.9 ml/m^2^, *P* 0.001) compared to those who did not (n-24). They had a larger PDA (4.03 ± 1.8 mm versus 2.8 ± 0.8 mm, *P* 0.013), lower aortic diastolic pressure, and a higher pulmonary artery pressure \[[Figure 1](#F1){ref-type="fig"}\]. The changes in LVEDD and LVEDVI were comparable in two groups. None of these variables were found to be predictors of LV systolic dysfunction on multiple logistic regression analysis. Multiple linear regression analysis revealed that baseline LVEF (β = 1.26, *P* \< 0.01), LVESD (β = -0.76, *P* 0.01), and PDA diastolic gradient (β = 0.22, *P* \< 0.01) predicted postclosure LVEF (*R*^2^ = 0.78):

![Baseline characteristics of patients without and with postclosure LV systolic dysfunction](APC-4-139-g002){#F1}

Postclosure LVEF = 1.26 × LVEF + 0.35 × PDA diastolic gradient -- 0.76 × LVESD -- 17.33

By ROC analysis, the area under the curve for pre-closure LVEF was 0.97, and pre-closure LVEF ≥ 63.5% showed a sensitivity of 83% and specificity of 87% in predicting the immediate postclosure normal LV systolic function. Preclosure LVESD ≥ 24.5 mm, LVEDVI ≥ 85.5 ml/m^2^, LVESVI \> 32 ml/m^2^, PDA size ≥ 3.1 mm, and mean PA pressure ≥ 19.5 mm Hg predicted the immediate postclosure LV systolic dysfunction \[[Table 2](#T2){ref-type="table"}, [Figure 2](#F2){ref-type="fig"}\].

###### 

ROC curve of variables for postclosure LVEF
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![Comparison of LV volumes and systolic function in patients with (a), or without (b) postclosure LV dysfunction](APC-4-139-g004){#F2}

In patients who developed LV systolic dysfunction compared to patients who did not, the mean mitral E velocity was similar while the mitral A velocity was significantly higher with a lower E/A ratio, longer mitral EDT, lower mitral E TVI, higher A TVI, and lower E/A TVI \[[Table 3](#T3){ref-type="table"}\]. They had a lower mean mitral E' and higher mitral E/E'. Thus, these patients had an abnormal diastolic filling pattern compared to those who did not develop LV systolic dysfunction after PDA closure. In this subgroup, the assessment on day 1 post-PDA closure showed that the changes in mitral E/A, EDT, E TVI, A TVI as well as E/A TVI were not significant. In contrast, the changes in patients with normal post-closure LV systolic function were significant. The changes in mitral E' and E/E' was insignificant irrespective of LV systolic function. Overall there was no significant alteration in diastolic properties in patients who had postclosure LV systolic dysfunction. In contrast, patients with normal postclosure LV systolic function showed relative reduction in the late diastolic filling component of LV filling.

###### 

Echocardiographic and tissue Doppler parameters of the LV diastolic function in patients with or without post-PDA closure LV systolic dysfunction
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At follow-up, there was a significant reduction in A TVI and increase in E/A TVI. These changes further suggest late reduction in the contribution of late diastolic filling. However, the changes in EDT, mitral E', and E/E' ratio were not significant. There was significant reduction in mitral E, A, A TVI, E/A, and TVI, and prolongation of EDT in patients with normal post closure LV systolic function. In contrast, patients who developed post-closure LV systolic dysfunction continued to have abnormal diastolic filling at follow up.

DISCUSSION {#sec1-4}
==========

Percutaneous closure of PDA is a well-established modality of PDA management.\[[@ref1]--[@ref4]\] The excellent immediate and long-term outcome with the minimum risk of mortality and morbidity has made this the modality of choice wherever indicated and feasible. Chronic volume overload brings in LV hypertrophy and is expected to have alteration in cardiac filling and contractile function.\[[@ref5]--[@ref7]\] Hemodynamically significant PDA, once closed, decreases the preload to the LV by abolishing the left-to-right shunt and increases the afterload by isolating the low-resistance pulmonary circulation from LV outflow circulation. This simultaneous reduction in the LV preload and increase in the afterload may lead to LV systolic dysfunction. Despite similar hemodynamic changes in patients with PDA, LV systolic dysfunction is not a universal feature. Similar LV systolic dysfunction has been documented in the postoperative period of mitral regurgitation surgeries.\[[@ref7][@ref9]\] The incidence and predictors of post-PDA closure LV systolic dysfunction have been studied in recent studies.\[[@ref10]--[@ref13]\]

Prior studies have shown that subjects with PDA have higher LVESVI and LVEDVI, lower LVEF, and higher N-terminal brain natriuretic peptide (BNP) compared to controls. These changes were documented to resolve during 6-month follow-up after percutaneous PDA closure.\[[@ref12]\] There are limited reports of preclosure LV systolic dysfunction in patients with PDA.\[[@ref13][@ref14]\] None of the subjects in the current study had baseline LV systolic dysfunction.

Sudden reduction in preload and simultaneous relative increase in the afterload due to removal of low-resistance pulmonary circulation leads to 'afterload mismatch'. Sudden changes in loading conditions, preexisting LV volume overload and chronic compensation by the Frank Starling mechanism explains immediate postclosure LV systolic dysfunction. However, at follow-up, there was further reduction in LVEDVI as well as significant reduction in LVESVI. This late reduction in LVESVI was reflected in normal LV systolic function at follow-up. The assessment of the LV contractile function by EF is load dependent; however, the reduction of ≥10% and/or absolute LVEF below 50% is unusual and was considered to reflect LV systolic dysfunction. A similar definition of LV systolic dysfunction was used by Jeong *et al*.\[[@ref11]\]

Jeong *et al*. reported persistent LV systolic dysfunction in 11% of adult patients who underwent PDA closure.\[[@ref11]\] In contrast, our study showed complete spontaneous resolution of LV systolic dysfunction at follow-up which is consistent with observations made by Galal *et al*.,\[[@ref10]\] Eerola *et al*.,\[[@ref12]\] and Kim *et al*.\[[@ref13]\] This discrepancy is probably related to the longer duration of volume overload and consequently more extensive and irreversible changes in LV in adults compared to children. Baseline LVEF, extent of LV dilatation (LVESVI), and PDA diastolic gradient predicted post-closure LV systolic function. Kim *et al*. in their retrospective study found that *Qp/Qs* \> 1.6 and the ratio of pulmonary artery pressure/systemic artery pressure \> 0.32 predicted the reduced postclosure LV systolic function.\[[@ref13]\] However, in the present study, none of the parameter such as LVESD, LVEF, LVESVI, LA/Aorta ratio, PDA size, PDA systolic or diastolic gradient, and pulmonary artery pressures predicted post-closure LV systolic dysfunction on multivariate analysis.

Diastolic function assessment in patients with PDA is confounded by increased preload and mitral inflow.\[[@ref15]\] In absence of definite criteria for diastolic dysfunction in children with PDA, descriptive analysis was used in the present study. The reduction in E TVI and E/A TVI without significant alteration in E/A ratio points to altered LV filling pattern in immediate post closure state wherein late diastolic filling contributed more to total LV filling. These changes in E velocity, E TVI without change in EDT are consequent to decreased preload in hypertrophied LV. Late reduction in mitral A velocity and A TVI with significant increase in E/A TVI ratio and EDT without further change in E velocity at follow up suggest improvement in diastolic properties of LV and thereby reducing relative contribution of late diastolic filling in total LV filling. These findings corroborates with anticipated slow reversal of altered diastolic properties of LV after PDA closure.

Cardiac lesions with increased stroke volume needs caution in assessment of mitral E/E' considering possible misinterpretation due to increased E.\[[@ref16]\] Rapid reduction in preload as well as alteration in stroke volume further complicates interpretation of mitral E/E' in post closure state. In present study, the mitral E' did not change while E/E' ratio showed reduction in immediate post closure state is due to reduced preload and mitral E velocity and not due to change in mitral E'. The late improvement in mitral E' with minimal alteration in mitral E velocity is secondary to improvement in diastolic properties. These alterations in diastolic properties provide insight into adverse effects of chronic volume overload.

This prospective study adds to the observations on LV systolic dysfunction after PDA closure and also documents rapid and complete recovery of LV systolic function on follow up. We also studied changes in LV diastolic properties as well as their correlation with the post-closure LV systolic function. The slower and lesser extent of improvement in patients with post-closure LV systolic dysfunction points to unfavorably altered myocardial properties secondary to volume overload compared to those who did not have systolic dysfunction.

Limitations of the study {#sec2-6}
------------------------

The major limitation of the study was the small sample size which limited its power, especially in subgroup analysis. Further, the parameters used for the assessment of LV systolic function, though in concordance with previous studies, were preload dependent which could affect the interpretation in the post-PDA closure state. The use of relatively preload independent parameters like isovolumic acceleration (IVA)\[[@ref17]\] might have improved the specificity.

CONCLUSIONS {#sec1-5}
===========

Percutaneous closure of PDA is associated with reversible LV systolic dysfunction. Improvement in LV diastolic function lags behind that in LV systolic function. Baseline LVEF ≥ 63.5% predicts normal post PDA closure LV systolic function.
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